Background We studied the effect of exercise (7.2 to 8.0 km/h) on the efficiency of the conversion of metabolic energy to external work or stroke work (SW) by the left ventricle (LV).
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Methods and Results Energy use was calculated from LV myocardial oxygen consumption per beat (MVo2). LV volume was calculated from orthogonal dimensions and coronary flow measured with ultrasonic flow probes. The total mechanical energy of the LV was calculated as the pressure-volume area (PVA). At rest, the MVo2-PVA point fell on the MVo2-PVA relation determined by steady-state changes in arterial pressure produced by graded infusions of phenylephrine. Exercise increased the slope (Ees) of LV end-systolic pressure-volume (PV) relation by 29%. During exercise, the MVo2-PVA point shifted to the right only slightly above the control MVo2-PVA relation by 0.007±0.005 mL 02 beat`* 100 g LV`1. Despite the increase in ventricular contractility with exercise, the In the absence of ischemia, the energy consumed by the left ventricle (LV) can be calculated from its oxygen consumption.1 The external work produced by the LV during each beat is the stroke work (SW), the area contained within the pressure-volume (PV) loop. Thus, the efficiency of the conversion of energy to useful work by the LV can be determined from the ratio of SW to myocardial oxygen consumption per beat (MVo2). During exercise, the work of the LV increases as the cardiac output and arterial pressure both increase to meet the augmented metabolic needs of the body. This is manifest both as an increase in the SW produced by each beat and as an increased heart rate. It would be advantageous if this increased SW could be produced by the more efficient conversion of energy to external work (ie, increased mechanical efficiency). In previous studies by Lombardo et a12 and Gorlin et al,3 supine exercise increased measures of LV mechanical efficiency in healthy human subjects.
At a constant contractile state, MVo2 is related to the LV PV area (PVA). PVA, which consists of SW and the area under the remaining portion of the LV end-systolic pressure-volume relation (ESPVR), represents the total mechanical energy produced by the LV.14 The mechanical efficiency (SW/MVo,) of the LV can be expressed as the product of the ratio of PVA to MVo2 (the conversion of metabolic energy to mechanical energy) and the ratio of SW to PVA (the conversion of mechanical energy to external work).5'6 The PVA and the portion of PVA expressed as SW depend on the LV end-diastolic volume, the contractile state (quantitated by the LV ESPVR), and the arterial system. We have recently found that the SW/PVA ratio increases during exercise.7 This effect should enhance LV mechanical efficiency. However, the increase in LV contractility during exercise would be expected to shift the MVo2-PVA relation upward, increasing the MVo2 associated with any PVA.8,9 This effect would tend to decrease mechanical efficiency during exercise. It 
Data Collection
Studies were performed after the animals made a full recovery from the instrumentation (1 to 2 weeks after the initial surgery). The LV catheter was connected to a pressure transducer (Statham P23Db) that was calibrated with a mercury manometer. The signal from the micromanometer was adjusted to match that of the catheter. The transit time of 5 MHz sound between the crystal pairs was determined and converted to a distance assuming a constant velocity of sound in blood of 1.55 m/s. The coronary flow probes were connected to an ultrasonic flowmeter (model T201, Transonic System Inc). The flow probe was calibrated at the factory with confirmed accuracy within ±10%. Coronary arterial and venous oxygen contents were measured with a hemoximeter (Co-Oximeter 482, Instrumentation Laboratory).
Protocol
Before exercise, steady-state data were collected during 12-to 15-second periods at rest to obtain heart rate, LV pressure and volume, and coronary flow while the dogs stood on a treadmill (Quinton, Inc). At the same time, LV and coronary sinus blood samples were taken for measurement of oxygen content. Then, transient vena caval occlusions were performed for 6 to 12 seconds to obtain the LV ESPVR. The animals were unsedated, and autonomic reflexes were intact.
After we collected the resting data, the dogs ran on a motorized treadmill. The treadmill speed was gradually increased from 4.0 km/h over 1 to 2 minutes to the submaximal level, 7.2 to 8.0 km/h, in steps of 0.8 km/h. We collected steady-state data and blood samples approximately 3 minutes after the last increase in exercise speed during steady-state submaximal exercise (Fig 1) . Then, a transient caval occlusion was created for 6 to 12 seconds during exercise (Fig 2) . This submaximal exercise level was sustained during data collection for both steady state and caval occlusion.
One or 2 days before the exercise study, the resting cardiac oxygen consumption per beat (MVo2)/PVA relation was measured in all seven dogs. To avoid the influence of autonomic reflexes during changes in loading conditions, autonomic At the conclusion of the experiments, the dogs were anesthetized with sodium thiopental (6 mg/kg) and halothane (0.5% to 2 %) and a thoracotomy was performed to determine the perfusion territories of LCx and LAD using saturated Evans' blue solution. The As shown in Table 4 and Fig 4, (Fig 3) . The slope and MVo2 intercept of the MVo2-PVA regression line was (2.19±0.30)x10-5 mL 02 * mm Hg-1 -mL-' and 0.0247+0.0038 mL O2/100 g LV, respectively. The slope and MVo2 intercept calculated from the nonlinear ES-PVR were similar to the linear values, 2.32±0.31x 10-mL O2-mm Hg`-* mL-' and 0.0246±0.0046 mL O2/100 g LV, respectively, with the correlation coefficient of .986±.014. Fig 3 shows the response to exercise in the MVo2-PVA plane in all hearts. Before exercise, each data point was on or near the blocked MVo2-PVA relation. MVo2 at rest was 0.0731± 0.0195 mL 02 * bear' 100 g`LV and was very close to the value calculated from the MVo2-PVA regression line at the same PVA value before exercise (0.0732±0.0179 mL 02-bear'-100 g`LV, P=NS). In 6 of the 7 animals, the resting MVo2-PVA point fell within the 95% confidence intervals of the blocked MVo2-PVA relation.
During exercise, the MVo2-PVA .point shifted to the right with increases in both MVo2 and PVA. In 2 animals, the MVo2-PVA point during exercise was above the 95% confidence limits of the blocked MVo2-PVA relation, and in the other 5 it fell within the 95% confidence limits. MVo2 during exercise was 0.0916±0.0191 mL 02. bear'.-100 g`LV and was slightly but significantly (P<.05) higher than the value calculated from the resting MVo2-PVA line at the same PVA value (0.0851±0.0178 mL 02* beat`. 100 gL V).
Discussion
During exercise, both the LV SW and heart rate increased. It would be advantageous if the increased SW (Fig 3) . The other factor that influences SW/MVo2 is SW/ PVA, the portion of the total mechanical energy that results in external work. SW/PVA is determined by the coupling of the LV and the arterial system. 19.22.23 This coupling can be quantitated as the ratio of the effective arterial elastance (Ea) to Ees. Ea is calculated as the end-systolic pressure/stroke volume and is approximated by the product of peripheral vascular resistance and heart rate. 23 If the ejection portion of the LV PV loop is assumed to be flat and the end-diastolic pressure is negligible, Burkhoff and Sagawa24 showed that SW/ PVA= 1/(1+0.5 Ea/Bes). We have recently found that despite the limitations of the simplifying assumptions, this prediction is a very accurate description of the intact cardiovascular system of conscious animals. 22 In the present study, Ees increased during exercise, whereas Ea remained constant. Thus, during exercise SW/PVA increased. Because PVA represents the total mechanical energy produced by each LV contraction, this indicates that more of this mechanical energy is expressed as useful external work (SW) during exercise.
Thus, during steady-state, submaximal exercise, the efficiency of the conversion by the LV of metabolic energy (MVo2) to external work (SW) was enhanced by the increase in PVA and the expression of more of the mechanical energy (PVA) as external work (SW).
There are several methodological issues to be considered. First, we measured LAD flow distal to the large first septal branch and assumed that coronary flow per unit mass is uniform within the LV. 25 
